Hypocarbia results in an increase in brain adenosine concentrations, presumably because of brain hypoxia associated with hypocarbic vasoconstriction. It was hypothesized that adenosine limits the degree of hy pocarbic vasoconstriction. To test this hypothesis, the ef fects of dipyridamole and theophylline on CO2 reactivity during hypocarbia were investigated in anesthetized rats. Dipyridamole should reduce the vasoconstriction by po tentiating adenosine action, whereas theophylline should increase the vasoconstriction by blocking adenosine re ceptors. Cortical pial arterioles of mechanically venti lated and anesthetized rats were displayed on a video monitor system through a closed cranial window. Arterial blood pressure and oxygen tension were stable. CO2 re-
In brain, adenosine is a potent pial artery dilator (Berne et aL, 1974; Morii et aL, 1986; Wahl and Kuschinsky, 1976) and is rapidly increased with ischemia (Winn et aL, 1979) , hypotension (Rubio et aL, 1975; Winn et aL, 1980a) , hypoglycemia (Winn et aL, 1983) , and seizure (Winn et aL, 1980b) . We have also previously shown that brain tissue adeno sine concentration increases during hypocarbia (Winn et aL, 1981) , presumably because of tissue hypoxia caused by vasoconstriction. To test the hy pothesis that adenosine limits the degree of vaso constriction during hypocarbia, we investigated the effects of dipyridamole and theophylline on pial ar teriolar reactivity during hypocarbia. Dipyridamole alters cellular uptake of adenosine and thereby in creases adenosine availability (Phillis and Wu, activity, formulated as 100 x [� diameter (fLm)/resting diameter (fLm)]/� PaC02 (mmHg), in the hypocarbic phase was calculated before and after topical superfusion of dipyridamole (10-6 M; n = 7) and theophylline (5 x 10-5 M; n = 6). CO] reactivity was sill:nificantly de creased after superfusiQn ofdipyndamole (u.57 :t 0.08; mean :t SEM) as compared WIth mOCK cerebrospinal fluid (CSF) (0.97 :t 0.17, p < 0.05, n = 7). On the other hand, CO2 reactivity after superfusion of theophylline was increased (1.63 :t 0.28) as compared with mock CSF (1.00 :t 0.20, p < 0.05, n = 6), indicating that adenosine is involved in hypocarbic vasoconstriction. Key Words: Hypocarbia-CO2 reactivity -Adenosine-Dipyri damole-Theophylline-Rat pial vessels.
1982)
, whereas theophylline (�1O-4) is an adeno sine receptor blocker (Morii et aI., 1987; Rail, 1981) . If adenosine is involved in limiting the de gree of hypocarbic vasoconstriction, then dipyri damole should attenuate the response, whereas the ophylline should enhance the vasoconstriction.
METHODS
Adult male Sprague-Dawley rats weighing 350-400 g were initially anesthetized with 1.5-2.0% halothane. The right femoral artery and vein were cannulated, respec tively, for recording MABP and for intravenous adminis tration of drugs. The rats were tracheostomized, immobi lized with tubocurarine chloride (l mg/kg, intravenously), and mechanically ventilated. The concentration of halo thane was decreased to 0.5%, and a mixture of air and oxygen was inhaled. End-tidal CO2 was continuously measured, and the respirator was adjusted to maintain end-tidal CO2 between 3.5 and 4.5%. A small amount (0.2 ml) of arterial blood was anaerobically sampled for mea surements of PaC02, Pa02, and pH, as outlined below. Body temperature was maintained at 37"C by a mat with circulating water thermostatically regulated.
The animal's head was fixed in a stereotaxic frame, . Superfusion of CSF was stopped at teast 5 min before these measurements. CO2 re activity was calculated using these values (lower arrows). and a closed cranial window was prepared over the right parietal cortex, as previously described (Morii et al., 1986) ; therefore, the window technique will be only briefly described: after the skull was exposed, three poly ethylene tubes (PE-50) were placed on the skull and em bedded in dental acrylic mounted in a doughnut shape around the right parietal bone. The tubes were subse quently used for measurement of intracranial pressure (ICP) and superfusion of artificial cerebrospinal fluid. A craniotomy was then performed, by use of a power drill and microrongeur. The thinned bone was taken off by microforceps, and the dura mater and arachnoid membrane layer were incised with an ophthalmic scalpel. Artificial CSF (Na+ 156.5 mEq/L, K + 2.95 mEq/L, Ca + + 2.50 mEq/L, Mg+ + 1.33 mEq/L, Cl-138.7 mEq/L, HC03 -24.6 mEq/L, dextrose 66.5 mg/dl, and urea 40.2 mg/dl) was perfused over the exposed pial surface. A cover glass was sealed to the acrylic with butyl-2-cyanoa crylate to create a closed window. The level of the out flow tube was adjusted to create an ICP of 3-7 mm Hg. Through the window, branches of the middle cerebral ar teries and the superior cerebral veins could be observed. In order to measure the pial vessel diameter through the window, a video system with microscopy was utilized (Morii et aI., 1986) . The vessel diameters and arterial gas parameters (PaCOZ, PaOZ' and pH) were measured before and after hypocarbia, while MABP and ICP were continuously re corded and kept constant. The reactivity of pial arterioles to COz was calculated as follows:
� diameter in I-lm
COz reactivity = ..
. restmg dIameter m I-lm
x 100/ � PaCOz in mm Hg
After mock CSF (0.25 mllmin) was superfused under the window for 10 min, normoxic hypocarbia was achieved by hyperventilation. Hypocarbia was main tained for at least 5 min until PaCOZ reached the desired level (below 25 mm Hg), and during this period superfu sion of CSF was stopped. The animals were made nor mocarbic again, and mock CSF with theophylline (5 x 10-5 M) or dipyridamole (10-6 M) was perfused under the window for 10 min. Pial arterial response to hyperventi lation was again instituted, and then the reactivity to COz was calculated in the hypocarbic phase. The schematic of the protocol is shown in Fig. 1 .
All data were calculated as mean and standard error of the mean, and differences between the means in physio logical parameters and COz reactivities were determined with Student's t test for paired data.
RESULTS
With hyperventilation, PaC02 was decreased to 20-25 mm Hg, and pial arteriolar vasoconstric tion was observed (Tables I and 2 ). When the an imals were returned to normocarbia, the vessel di ameter recovered to the resting level. There was no significant change in resting diameter after the top ical superfusion of mock CSF with dipyridamole or theophylline. However, CO2 reactivity values in the hypocarbic phase were significantly different be fore and after topical superfusion of dipyridamole (Table 1) and theophylline (Table 2) . CO2 reactivity (Fig. 2) after superfusion of dipyridamole was sig nificantly reduced as compared with that of mock CSF alone (p < 0.05, n = 7). In contrast, CO2 reac tivity after superfusion of theophylline was in creased as compared with that of mock CSF (p < 0.05, n = 6, Fig. 2) . Arterial blood pressure and PaOz remained stable during the experiment. ICP was kept constant for each animal (3-7 mm Hg).
DISCUSSION
Changes in arteriolar COz have pronounced ef fe cts on cerebral vascular tone and CBF (Harper and Glass, 1965; Raper et aL, 1971) . Arterial hypo carbia decreases CBF and blood volume and in creases cerebral vascular resistance (Grubb et aL, 1974; Raichle and Plum, 1972) . The mechanism by which PaCOZ alters cerebrovascular tone is unclear, but presumably this occurs by means of changes in pH (Raper et aL, 1971) . During hypocarbia, CBF decreases in almost linear fa shion until PaCOZ is �20-25 mm Hg, at which point the decreases in CBF become less with progressive decreases in PaCOZ (Harper and Glass, 1965; Reivich, 1964 ). The fa ctors that limit the extent of the hypocarbia induced vasoconstriction are unclear. Previously, we have documented that with hypocarbia (PaCOZ = 20 mm Hg), brain adenosine levels are increased sevenfold in rats (Winn et aL, 1981) . We hypothe sized that this increase in brain adenosine levels was due to brain hypoxia caused by the severe hy pocarbic vasoconstriction and that the increased production of adenosine was a protective mecha nism, which limits hypocarbic vasoconstriction.
In the present study we found that vasoconstric tion during hypocarbia was attenuated by dipyri damole and augmented by theophylline. Dipyri damole inhibits the cellular uptake of adenosine and therefore increases the availability of intersti tial adenosine (Phillis and Wu, 1982) . Dipyridamole thereby accentuates the actions of adenosine. Heistad et aL (I981) and Phillis et aL (1984) also showed that dipyridamole can be used to enhance CBF by obtaining evidence that cerebral vasodi lator responses to dipyridamole are mediated by adenosine. In contrast, theophylline, in the micro-molar range, is an adenosine receptor blocker and should therefore attenuate any adenosine-regulated vasodilation (Morii et aL, 1987; RaIl, 1981) . We would thus conclude that adenosine is involved in limiting vasoconstriction induced by severe hypo carbia, since brain adenosine concentrations are in creased during severe hypocarbia (Winn et aI. , 1981) , and dipyridamole lessens and theophylline enhances the degree of vasodilation induced by hy pocarbia.
Both dipyridamole and theophylline, however, have a variety of actions other than those affecting adenosine metabolism. For example, theophylline, at high concentrations (> 10-3 M), enhances the re lease of catecholamines fr om neuronal terminals, causes translocation of intracellular calcium, and inhibits cyclic AMP phosphodiesterase (RaIl, 1981) . In contrast to these actions, adenosine receptor blockade occurs at the concentration � 10-4 M (RaIl, 1981) . Dipyridamole also has a variety of ac tions. It inhibits the active uptake of adenosine into cells at low concentration (10-6 M), whereas higher concentrations are required for cyclic AMP phos phodiesterase and adenosine deaminase inhibition (Phillis and Wu, 1982) . In addition, no effect on prostacyclin concentrations occur at a concentra tion of 10-6 M (Boeynaems et al., 1986) . In this study, we used CSF concentrations of dipyridamole (10-6 M) and theophylline (5 x 10-5 M), which presumably affect primarily adenosine availability and metabolism. Moreover, at these concentrations there was minimal effect on the resting arteriolar diameter.
In humans, electroencephalogram recordings show that hypocarbia is accompanied by slowing of frequency with an increased incidence of delta waves, which is also observed in brain hypoxia (Gotoh et al., 1965) . We have assumed that the stimulus to adenosine production during severe hy pocarbia is brain parenchymal hypoxia caused by vasoconstriction and the resultant ischemia. How ever, the existence of brain hypoxia during hypo carbia remains unclear. Increases in brain lactate concentrations during hypocarbia have been ob served (Kjallquist et al., 1969; MacMillan and Siesj6, 1973) and attributed to hypoxia. However, other investigators have suggested that elevation in tissue lactate is related to alkalosis, which stimu lates glucose consumption and lactate production (Leu sen et al., 1967) . Studies to define the tissue P02 during hypocarbia using micro-oxygen elec trodes have not produced clear evidence of the ex istence of hypoxia in the brain parenchyma during hypocarbia. However, Grote et al. (1981) showed that severe arterial hypocarbia leads to an insuffi cient oxygen supply of brain cortex in cats by mea suring not only tissue P02 but also tissue metabo lites, such as phosphocreatine, although Pa02 value was above 110 mm Hg. They found that a decrease of arterial CO2 tension to levels < 15 mm Hg pro duced a lowering of regional cerebral metabolic rate for oxygen. In our study, the hypocarbic level J Cereb Blood Flow Metab, Vol. 8, No.6, 1988 was not so severe that further vasoconstnctlOn could not occur (Raper et aI., 1971) .
In conclusion, in the present study we have dem onstrated that altering adenosine availability influ ences the degree of vasoconstriction induced by hypocarbia, which supports the hypothesis that adenosine acts in a protective manner to limit vaso constriction during hypocarbia. Presumably, the stimulant to adenosine production during severe hypocarbia is brain tissue hypoxia caused by vaso constriction and the resultant ischemia.
